Abstract
It is generally accepted that diabetes mellitus is a complex and heterogeneous condition in terms of genetic background, pathophysiological mechanisms and clinical manifestations. The presentation at diagnosis varies largely, ranging from a totally asymptomatic patient with slightly increased blood glucose levels to a patient presenting in critical condition with severe hyperglycaemia and symptoms of acute metabolic decompensation. The initial presentation depends not only on the pathogenic mechanisms involved and the patient's genotype/phenotype, but also on the moment during the natural history of the disease when the diagnosis is made.
Several authors argue that diabetes is actually one disease extending continuously from autoimmune diabetes with onset at a very young age at one end of the spectrum to the age-related deterioration of glucose tolerance at the other end (1, 2) . This theory is also supported by the "accelerator hypothesis" implying that diabetes is determined by the pancreatic beta cells loss, which occurs on different genetic backgrounds and at different rates, depending on the number, type and intensity of "accelerators": e.g. insulin resistance, glucotoxicity, autoimmunity or the intrinsic beta cell apoptosis (3, 4) . However, our current clinical doctrine is based upon a classification of type 1 diabetes (T1D) or type 2 diabetes (T2D), which relies on some clinical and laboratory traditionally-used criteria, such as age, body mass index (BMI), presence and severity of symptoms and / or ketosis, degree of hyperglycemia at diagnosis, perceived need for exogenous insulin relative to the time at diagnosis and diabetes-specific autoantibodies (where available) (1) . Even if these criteria help discriminate most cases as having a typical T1D or T2D phenotype, the reality is that in clinical practice not all subjects can be easily classified as having one of the two types. This is partly due to the fact that none of the above-mentioned criteria is exclusively correlated with either type and/or they do not have a precise threshold value that would allow an impeccable categorization (1) . For example, age is just a guiding criterion, because T1D can also begin in adulthood and on the other hand the incidence of T2D diagnosed in adolescents and children has significantly increased during last years (1) . Also, diabetes specific autoantibodies that have been traditionally associated with T1D have also been identified in subjects with T2D phenotype (5). Similarly, though ketoacidosis is a cardinal feature of T1D, it is not an absolute criterion, as there are cases without ketoacidosis at diagnosis (depending on how early during the course of the disease the patient is diagnosed) and in turn, some individuals with T2D may develop ketoacidosis (mainly if they are in advanced stages with more pronounced endogenous insulin deficiency) (6) .
The current clinical algorithm/classification relies mainly upon clinical manifestations rather than the pathophysiological mechanisms of the disease, this being its possible failing. Another significant issue is that the two major types of diabetes are partially overlapping and are actually not as distinct as previously thought or, if we accept the aforementioned theory, we are, in fact, dealing with many facets of one single disease. Intermediate phenotypes of diabetes have been recognized, such as LADA (latent autoimmune diabetes of the adult) or the so-called "double diabetes" which share clinical and biological characteristics of both T1D and T2D and have an intermediate rate of disease progression (2) . It has also been shown that up to a quarter of subjects with diabetes (mainly young people) may be misclassified by type, with possible therapeutic consequences (7) (8) (9) (10) . Rarer types of diabetes include MODY and other types of monogenic diabetes as well as diabetes secondary to pancreatic or other endocrine disturbances, which may also pose a significant diagnostic and therapeutic challenge.
Therefore, we as others think that the current taxonomy of diabetes as T1D or T2D is somewhat simplistic and a more sophisticated classification is warranted (11) (12) (13) . Different alternative schemes have been proposed, and a classification based on the main pathogenic mechanisms appears to be more appropriate, is of clinical relevance and may enable diabetes therapy from the start to be more targeted and efficient and go beyond simple glycemic control. A new classification scheme should also be simple, convenient and sufficient to categorize all subjects with diabetes. It should be based upon the use of biomarkers in a cost effective manner.
So the question remains as to which biological mechanisms and markers are adequate and sufficient to better define one's diabetes? As it is widely accepted that the core defect in diabetes is the loss of pancreatic beta cell function and mass, assessing the residual beta cell functional capacity for this purpose seems logical. Furthermore, the role of insulin resistance and autoimmunity in significantly affecting disease progression has long been recognized. Besides their clinical relevance, it is of equal importance that for each of these pathogenic mechanisms there are potential biomarkers that would help define them and their contribution to the disease. Moreover, the therapeutical agents available for the treatment of diabetes differentially target insulin resistance and insulin deficiency, with some targeting both, thereby supporting the clinical implication of this classification.
Suggested algorithm for an improved classification
We suggest here a new classification of the disease based on a practical and simple algorithm that takes into account these features, that helps better define the phenotypes of diabetes and would assist in deciding the appropriate therapy for the patient (Figure 1 ). The diagnosis of diabetes relies upon demonstration of hyperglycemia as defined by the American Diabetes Association (ADA) guidelines. Clinical awareness for the rarer secondary types of diabetes (i.e. pancreatic diabetes, endocrinopathies) and full history and physical exam may assist in ruling out at a high probability these forms of disease.
Once the diagnosis of diabetes is made, one needs to answer two main questions: Type A category basically comprises lean subjects with T2D, some LADA and perhaps some patients with T1D who are diagnosed very early during the course of the disease, when they still retain significant beta cell function (pre-symptomatic period). A true type B patient is the classic patient with T1D who has practically lost beta cell function yet has completely normal insulin sensitivity. In addition, type B category may also include some lean LADA pa-tients who have lost beta cell function below a critical threshold and who have non-significant insulin resistance. Type C category includes the majority of patients with T2D at the earlier stages of disease and also perhaps some overweight or obese LADA subjects that present with clinically significant insulin resistance. Finally, type D category encompasses insulin resistant T2D subjects during the more advanced stages of the disease when they have lost beta cell function as well as T1D patients who are/have become overweight or obese and thus acquired significant insulin resistance.
We acknowledge the fact that the categories are not clear-cut, with a continuum extending between the different types. Certainly, during a lifetime, a patient can move from one category to another. For example, patients who are categorized as type A or B, may acquire insulin resistance by increasing weight, decreasing physical activity and/or perhaps by other mechanisms, and they can move to type C or D category, respectively. Also, in time, beta cell function decreases (due to multiple mechanisms, including autoimmunity, gluco-lipotoxicity, oxidative stress, endoplasmic reticulum stress, islet inflammation, islet amyloid, and aging), so patients who initially fit into type A or C categories, can later shift to type B or D category, respectively. Alternatively, a type C or D overweight/obese diabetic subject who initially presented with significant insulin resistance and loses weight by various means (diet and exercise or bariatric surgery) reverting insulin resistance, might theoretically move to type A or B category.
Of course, once this algorithm is accepted, we need to clarify a few remaining dilemmas. Perhaps, accessing large patients' databases from clinical trials with a longer duration of follow-up may help in finding relevant answers.
a. First, which tests should we use to measure beta cell function? Is measuring C-peptide levels appropriate and sufficient? There are available nowadays reliable and relatively non-expensive C-peptide assays that can be utilized for this purpose. However, it should be acknowledged that C-peptide is a surrogate marker of beta cell function and not indicative of beta cell mass and there are a number of limitations with its use (14) . Should we measure fasting, random and/or stimulated C-peptide? Would a composite index of (stimulated) C-peptide and HbA1c be more indicative for a significant beta cell loss? Or rather homeostasis model assessment (HOMA)-β, 2-h urine C-peptide/creatinine ratio or the disposition index should be used? The disposition index which evaluates endogenous insulin secretion adjusted for insulin resistance is used as a more precise measure of β-cell function (15) . However, it implies performing an oral glucose tolerance test with several blood draws which is rather cumbersome for use in clinical practice. If any of these indices is to be employed on large scale, a stimulation test would not be adequate; rather indices based on fasting measurements should be routinely used.
The second obvious question is which cutoff values best discriminate subjects that retain clinically significant beta cell function? Is the DCCT value of 90-min stimulated C-peptide of 0.2 nmol/l relevant for all subjects? The cut-off values remains to be clearly defined, but so far some thresholds for fasting and stimulated/random C-peptide and urine C-peptide/creatinine ratio, respectively, that discriminate the absolute insulin deficiency/insulin requirement and various diabetes subtypes have been proposed (16) . For instance, a stimulated C-peptide value of 0.2 nmol/l and a fasting C-peptide value of 0.08 nmol/l have been suggested for detection of absolute insulin deficiency (16) . Up to present the role of C-peptide in determining the best timing for the initiation of insulin in a patient with classic T2D has not been clarified and usually it is the clinical course of the disease and not the laboratory results which lead this decision (17) . Some studies seemed to indicate fasting and stimulated C-peptide levels of 0.3 nmol/l and 0.6-0.8 nmol/l, respectively as cut-offs for successful insulin withdrawal, suggesting that these values distinguish insulin-requiring vs non-insulin requiring diabetes (18) (19) (20) . However, it should be noted that the metabolic control in these studies was less stringent. Also, the C-peptide values, mainly the fasting ones, should be interpreted taken into consideration the presence of insulin resistance (21, 22) .
b. Similarly, what is the best indicator of insulin resistance for routine clinical application? It is generally considered that insulin resistance is associated with obesity (mainly abdominal) and the degree of insulin resistance is proportionally related to fat mass and waist circumference. In clinical practice the BMI is generally used as a surrogate marker for insulin resistance, yet it is not a direct measure of insulin resistance, nor of fat mass. Additionally, individuals differ in the extent their fat mass affects the insulin sensitivity: the literature indicates that there are lean individuals with insulin resistance (metabolically unhealthy normal-weight) and conversely, obese individuals with high levels of insulin sensitivity (metabolically healthy obesity) (23) (24) (25) . Since the reference method (i.e. hyperinsulinemic euglycemic clamp) or an alternative method (intravenous glucose tolerance test) are too burdensome to be routinely used in clinical practice, other simple indices, derived from fasting samples, such as HOMA-IR, quantitative insulin sensitivity check index (QUICKI) or insulin sensitivity score could be used instead (26) . These have been assessed and validated against reference methods, but again there are several limitations with using simple indices, including decreased reliability in subjects with severe insulin deficiency (26, 27) . In addition, the same problem remains with markers of insulin resistance: lack of cut-off levels that would discriminate clinically significant insulin resistance.
Some data in various patient populations suggest HOMA-IR values of 2.5 or 2.7 as indicators of insulin resistance (28, 29) .
Theoretically, the thresholds for indices of beta cell dysfunction and of insulin resistance should identify subjects that would benefit from insulin replacement therapy and from therapies with an insulin-sensitizing effect, respectively. Certainly, these threshold values need validation in prospective randomized clinical studies.
When considering the complex pathophysiological mechanisms involved in diabetes, several other questions may arise. For example, the role of glucagon or the incretin hormones in the pathophysiology of diabetes are yet to be better defined. It is not clear at present if, for instance, defining the degree of hyperglucagonemia or the severity of incretin defect would add any benefit in terms of phenotyping or choice of therapy. Further research of the particular effects of drugs targeting the incretin system on the individual patient may yield additional pathophysiological distinctions in the diagnosis of diabetes -i.e. significant vs. insignificant incretin deficiency or resistance.
Since autoimmunity plays an important role in disease progression (in classical T1D and LADA), we might consider addressing one additional question when delineating diabetes diagnosis:
3. Does the patient have markers of autoimmunity: yes/no?
However, an exhaustive assessment of the contribution of autoimmunity to the pathogenesis of diabetes in an individual patient may be costly and include tests which are not routinely used in clinical practice. Therefore, several issues regarding this point need to be discussed.
Which autoimmunity tests are necessary and sufficient to be performed in order to identify all patients with autoimmune disease and concurrently have a reasonable cost/benefit ratio? Should we measure at diagnosis anti-GAD, anti-IA2, anti-ICA and anti-insulin antibodies in all subjects with newly diagnosed diabetes? In our opinion this approach is too costly and most probably would not add a reasonable benefit in practice. Should we have an antibody cluster for a certain age category (for example, anti-GAD, anti-insulin and anti-IA-2 in young subjects and anti-GAD and anti-ICA in older individuals)? Should we test other autoantibodies, such as the newer anti-ZnT8? Or would a stepwise approach (with 1-2 autoantibodies tested per time) be more reasonable in terms of costs and convenience?
A more practical alternative would be to check the autoimmunity status in a certain category of subjects with diabetes. For example, we would suggest testing it in all type B subjects (with significant loss of beta cell function and no insulin resistance) and perhaps in those within type A category (decreased beta cell function, without significant insulin resistance) as some of them might have markers of autoimmunity which may predict their rapid progression towards significant loss of beta cell function. Subjects categorized as type D (loss of beta cell function with a significant degree of insulin resistance) might also be considered for assessment of autoimmunity status, as this category might include patients with autoimmune disease that have acquired insulin resistance from diagnosis or later on in life.
It is debated that it might not be worthy to measure diabetes autoantibodies in adulthood at all, given the lower number of autoantibodies in adult age as compared to childhood (30) . Also, identifying autoimmunity is a prerequisite in case immune modulation is desired, but so far there is no immune agent available for clinical intervention, so the question is if deciphering autoimmunity at this point is practical. It might be considered in individual cases as the presence of autoantibodies is associated with a faster rate of disease progression towards absolute insulin requirement and perhaps in individuals at high risk for diabetes (e.g. first-degree relatives), as the presence of multiple autoantibodies has high positive predictive value for autoimmune diabetes (31) .
In addition, there is data indicating that subjects negative for autoantibodies might be positive for diabetes-specific T cells (5) . By definition, autoimmune diabetes is a cell-mediated condition, so obviously, identifying pathogenic (autoreactive) T cells is crucial for distinguishing autoimmunity. However, which methods should be used? So far, several T-cell assays identify diabetes-specific CD4+ and CD8+ T cells (e.g. cellular immunoblotting, ELISPOT, MHC tetramers), with specificity and sensitivity roughly ranging from 60-90% (32, 33) . Although progress has been made during recent years, there is no standardized T-cell assay readily available for clinical use so far.
A recently published scientific statement of the JDRF, Endocrine Society and ADA proposes a staging classification system for classical T1D that would help development of therapies and clinical trials (34) . Stage 1 includes subjects with beta cell autoimmunity (one/two diabetes-specific autoantibodies) with normoglycemia, stage 2 defines the presence of autoimmunity with dysglycemia/glucose intolerance, both being presymptomatic and stage 3 represents the onset of symptomatic disease (34) . In fact this staging classification superimposes with the one we suggest: stage 1 is actually the Normal category, stage 2 is the IFG/IGT category and stage 3 is Diabetes (Figure 2 ).
Therapeutic implications of the new clinical algorithm
Having discussed the three issues to address at diagnosis (beta cell reserve, insulin resistance and perhaps autoimmunity) the clinical implications of employing these additional tests must be justified by showing improved clinical man-cell reserve or insulin sensitivity at a later stage, once glucotoxicity has largely absolved, or when a significant deterioration of metabolic control occurs, may assist in better fine-tuning of therapy, though, again, this needs to be evaluated in a cost-effectiveness perspective.
The details regarding various interventions will not be discussed here, but some brief points can be highlighted. In case of low residual beta cell function it would be reasonable to start insulin replacement therapy from the beginning, regardless of autoimmune status, along with other adjunct therapies, if needed. There are proofs regarding the beneficial effects of even a short course of insulin therapy on preservation of beta cell function (38) (39) (40) . Intensive insulin therapy given early in the course of the disease in subjects with newly diagnosed T2D was shown to restore the acute insulin response, improve and maintain on midterm beta cell function, even after insulin withdrawal (36, 38). Currently, we start insulin therapy if we detect autoimmunity (T1D) or based on glycemic status. However, the presence of autoimmunity should be a reason for immune intervention (currently available only in the settings of clinical trials) and glycemic values should rather guide the insulin dosage and regimen. The logic dictates to start insulin replacement whenever one estimates that there is significant insulin deficiency (based on markers discussed above). It would also be reasonable to take into account the effect of various agents on beta cell function, as some of them have been shown to be protective, while others not (41, 42) . The protective effects of some therapeutical agents, such as incretin-based therapies, thiazolidindiones (TZD) and insulin occur either through direct mechanisms (reduction of apoptosis, promotion of beta cell proliferation, improvement in proinsulin processing a.s.o.) or indirectly by the decrease of glucotoxicity and beta cell rest (42) .
The current dogmatic treatment algorithm does not indicate metformin as an option for agement with their utilization. A possible benefit of an approach based on biological markers and the patient's clinical and metabolic phenotype is to assist physicians when choosing the best therapeutic agents that address the pathological mechanisms in each subject, in a more individualized manner.
For example, it is recognized that insulin therapy may not be sufficient in some patients with classical T1D, and other therapeutical agents might be needed as adjunctive therapy to insulin (35) . Considering the use of additional therapies on top on insulin early in the course of therapy of the severely insulin deficient patient may lead to faster attainment of glycemic control without the often accompanying weight gain, for example. It should also be mentioned that often in daily practice LADA is treated as classical T2D, as frequently the autoimmune status is not evaluated in such patients. On the other hand, it has already been discussed that the therapeutical algorithm in T2D which recommends subsequent addition of drugs, once metformin fails in maintaining adequate metabolic control, is basically a "treat-to-failure" approach. At present there are multiple therapeutical classes and agents available for the treatment of diabetes, each with its specific mechanisms of action, and choosing the second, third or possibly fourth drug for a patient might pose some difficulties. A "pathophysiological" approach with an early combination therapy employing agents that simultaneously correct established pathogenic defects from the beginning in a "one size fits all" manner has been advocated (36). Our therapeutical strategy is somewhat different in the sense that we suggest tailoring therapy to the individual, according to the identified defect(s) that should be targeted by adequate drugs, though we are also supporters of combining therapies from start if indicated by the test results. In this respect, it is important to note the dynamic nature of the disease and possibly repeating tests of beta individuals with T1D and insulin resistance, although benefits of this drug in such cases have been demonstrated in some studies (43) . Meta-analysis and systematic reviews of clinical studies indicated that therapy with metformin in patients with T1D is associated with a decrease of daily insulin dosage, body weight, blood lipids, and in some of them, with decrease of HbA1c (44) (45) (46) . The new suggested diabetes categorization allows metformin use in these patients, if significant insulin resistance is present, regardless of the autoimmune status. Similarly, other agents, such as glucagon-like peptide (GLP)-1 receptor agonists or sodium glucose cotransporter (SGLT)-2 inhibitors, approved for use in T2D, seem to confer some advantages in patients with T1D (47) . Particularly, GLP-1 receptor agonists have been associated with improved glucose control, decreased blood glucose variability and insulin dosage in these subjects (48, 49) . The favorable effects in such setting are probably obtained through several mechanisms: suppression of glucagon secretion, modulation of beta cell responsiveness to glucose and of gastric emptying (50, 51) . The benefits of drugs approved for T2D observed in patients with autoimmune diabetes further supports the idea of an individualized, pathophysiological therapeutic approach.
One might consider initiating both insulin and metformin in cases where both insulin resistance and significant insulin deficiency are present, titrating the doses by the glucose and HbA1c values.
If autoimmunity is present, an immune modulating agent should ideally be administered, once one is developed and clearly demonstrates safety and efficacy in terms of beta cell preservation. A large number of articles regarding various immune interventions in autoimmune diabetes (T1D and LADA) have been published, but at present there is no immunomodulatory agent available for clinical use. A few data seem to indicate though some positive results at least for subsets of patients (e.g. LADA or T1D with low/ moderate risk HLA genotype) (52, 53) .
In conclusion, we suggest here a new approach for categorizing diabetes based on the main pathogenic features, which represents a different perspective, in the attempt to face the actual changing and challenging reality of diabetes care. We have also raised some important dilemmas which could be addressed in future research: which are the best markers/indicators of significant insulin resistance and of beta cell loss, respectively, that can be routinely used in clinical practice and what are their threshold values that would help providers distinguish significant insulin resistance and beta cell loss in a patient with diabetes. We think that better definition of a patient's characteristics may offer the opportunity of an optimized therapeutic strategy which may assist in clinical decision and could possibly alter the natural course of the disease.
